Abstract. We discuss the "angular size -redshift" relation for compact radio sources distributed over a wide range of redshifts 0.011 ≤ z ≤ 4.72. Our study is based on a sample of 330 5 GHz VLBI contour maps taken from the literature. Unlike extended source samples, the "angular size -redshift" relation for compact radio sources appears consistent with the predictions of standard Friedmann world models with q • ≃ 0.5 without the need to consider evolutionary or selection effects due to a "linear size -luminosity" dependence. By confining our analysis to sources having a spectral index, −0.38 ≤ α ≤ 0.18, and a total radio luminosity, Lh 2 ≥ 10 26 W/Hz (H • = 100 h km s −1 Mpc −1 , q • = 0.5 used as a numerical example), we are able to restrict the dispersion in the "angular size -redshift" relation. The best fitting regression analysis in the framework of the Friedmann-RobertsonWalker model gives the value of the deceleration parameter q • = 0.21±0.30 if there are no evolutionary or selection effects due to a "linear size -luminosity", "linear sizeredshift" or "linear size -spectral index" dependence.
Introduction
Classical tests of cosmological world models using the observed dependence of the angular size of galaxies or kiloparsec-scale radio sources have been inconclusive. At optical wavelengths, observational uncertainties at large redshift are large due to the small size of a galactic disk, seeing, the difficulty in defining a true metric rod, and possible evolutionary effects (e.g. Sandage 1988) . At radio wavelengths, the separation of the lobes of extended Send offprint requests to: L. I. Gurvits, 1st address, lgurvits@jive.nfra.nl ⋆ Table 1 is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html double radio sources may be determined with great accuracy even at large redshift, but the interpretation of the "angular size -redshift" (θ − z) relation for double radio sources has been obscured by possible selection and evolutionary effects. The observed θ − z relation for double radio sources appears to follow a simple 1/z law even at high redshift, in apparent contradiction to any simple Friedmann-Robertson-Walker (FRW) model without evolution (e.g. Kapahi 1989) . Most researchers interpret the observed θ − z diagram for double radio sources as evidence for a decrease in linear size with redshift (Kapahi 1987 , Barthel and Miley 1988 , Neeser et al. 1995 . However, Singal (1993) and Nilsson et al. (1993) consider that the observed departure from the FRW curves is due to an inverse "linear size -luminosity" correlation which preferentially selects the smaller (high luminosity) sources at high redshifts. It is curious, however, that these selection or evolutionary effects apparently combine with cosmological effects to give the simple observed 1/z relation.
More recently, Buchalter et al. (1998) have studied a sample of 103 double lobed quasars with z > 0.3 using the VLA at 20 cm in its B-configuration. In contrast to the 1/z "angular size -redshift" relation found for double lobed radio sources by other workers, Buchalter et al. find no change in apparent angular size in the range of 1.0 < ∼ z < ∼ 2.7, consistent with FRW models without significant evolution. But, it is not clear to what extent their results are affected by the limited range of angular size, between 12 and 120 arcseconds, which can be observed with the VLA in the B-configuration at 20 cm.
The size of extended double lobe source whose linear extent is typically hundreds of kiloparsecs, may depend on the systematic changes in the properties of the intergalactic medium with z. Moreover, high redshift extended sources have ages which are comparable to the age of the Universe, and so evolutionary effects are not unexpected. Compact radio jets associated with quasars and AGN, by contrast, are typically less than a hundred parsec in extent. Their morphology and kinematics probably depends more on the nature of the "central engine" than on the sur-rounding intergalactic medium. The "central engine" itself is thought to be controlled by a limited number of physical parameters, such as the mass of central black hole, the strength of magnetic field, the accretion rate, and, possibly, the angular momentum. This central region may be "standard" for sources in which these parameters are confined within restricted ranges. Also, because the compact radio jets have typical ages of only some tens of years, they are young compared to the age of the Universe, at any reasonable redshift. Therefore, compact radio sources may offer an evolution free sample to test world models over a wide range of redshift.
However, the size of compact radio jets is not unambiguously defined and depends on the frequency of observation as well as on resolution. Moreover, differences in the spectral index between the core and jet components may introduce a K-like correction which can be important for high redshift sources, as this may introduce an apparent "linear size -redshift" dependence even in the absence of evolution (Kellermann 1993) . Frey et al. (1997) have shown that this is likely to be a weak dependence, however more detailed images at various frequencies with matched resolution be needed to verify the importance of any K-like correction.
In several previous studies we have reported on the observed θ − z relation for compact radio sources. Kellermann (1993) studied a sample of 79 quasars and AGN's which had been observed with VLBI at 5 GHz and which have a 5 GHz luminosity greater than 10 24 W/Hz. There are only a few sources at low redshift which meet the luminosity restriction, but these are consistent with a 1/z relation, characteristic of the Euclidean geometry which describes the local Universe. The Kellermann (1993) sample already includes all sources with luminosity greater than 10 24 W/Hz at redshifts less than a few tenths, and further surveys down to fainter flux density limits will not find any additional sources which satisfy the luminosity criteria. The important point of the Kellermann (1993) paper was that for redshifts in the range 0.5 < z < 3, the angular size appears to be essentially independent of redshift, in contrast to the θ − z relation for powerful extended sources which continues its apparent Euclidean form out to large redshifts. Kellermann noted that the observed form of the θ − z relation for the compact source sample was qualitatively consistent with a standard FRW cosmology with Ω = 1 without the need to appeal to arguments based on size evolution or a "linear size -luminosity" dependence. A more rigorous quantitative analysis of this data by Stepanas and Saha (1995) find a best fit of q • = 2.6 +2.1 −2.2 with the 90% confidence, and they exclude the simple θ ∝ 1/z relation at the 99% confidence level. Using the same data, Kayser (1995) has applied a Kolmogorov-Smirnov test to compare the linear sizes of high (z > 0.75) and low (z < 0.75) redshift compact radio sources for different cosmological models and also concludes that the available data allow models with a wide range of Ω and the cosmological constant, Λ.
In a separate investigation, Gurvits (1993) used two point VLBI visibility data obtained at 13 cm (Preston et al. 1985) for 337 sources in order to show qualitatively that the observed data suggests q • ≤ 0.5. A four-parameter regression analysis of the same sample gave a value of q • = 0.16 ± 0.71 . The same analysis also gave estimates of the dependence of the apparent angular sizes of compact sources on their luminosity and emitting frequency.
More recently, Wilkinson et al. (1998) have reported on the θ − z relation for sources taken from the CaltechJodrell Bank VLBI CJF sample of 160 flat spectrum radio sources and references therein). As in the studies of Kellermann (1993) and , Wilkinson et al. find no dependence of angular size on redshift for sources with 0.5 < z < 3, but conclude that uncertainties in defining the angular size of complex jets, in the K-like correction, in a possible "size -luminosity" dependence, in the effects of orientation, as well as in possible size or luminosity evolution restrict the usefulness of compact sources to accurately constrain the value of q • . Dabrowski, Lasenby, and Saunders (1995) , as well, have pointed out the difficulty in obtaining a meaningful constraint on Ω due to the effects of relativistic beaming in limited source samples. Krauss and Schramm (1993) and Stelmach (1994) have pointed out that if evolutionary effects can be ruled out, then the form of the "angular size -redshift" relation can put significant limits on the value of the cosmological constant, Λ, as well as on Ω. Jackson and Dodgson (1996) have shown that while the data presented by Kellermann (1993) are consistent with Ω • ∼ 1 and Λ • = 0, since there is not a well defined minimum in the θ − z dependence, equally good fits to the data are obtained with smaller values of matter density described by Ω • < 1, and negative values of −6 < ∼ Λ • < ∼ −2.
With the aim of better restricting the allowable range of cosmological parameters, we have compiled a new larger sample of sources than used by Kellermann (1993) or by Wilkinson et al. (1998) but with more complete structural data than used by Gurvits (1993 . We note, that the sample discussed here is inhomogeneous as it is based on VLBI images published by various authors using a variety of antenna configurations and different techniques for image reconstruction. In Section 2 we discuss the definition of our sample, and in the following sections we discuss the apparent "angular size -redshift" dependence.
The source sample
The new list contains all sources found in the literature which were imaged with VLBI at 5 GHz with a nominal resolution of about 1.5 mas in the east-west direction and with a dynamic range of at least 100. The list includes the all-sky set of 79 sources discussed by Kellermann (1993) , but enhanced by more recently published work, mostly by the Caltech-Jodrell Bank group , Henstock et al. 1995 , Taylor et al. 1994 of sources at declination greater than 35 degrees. We also included in the sample a number of sources published by other authors and our own recent observations of quasars with measured redshifts greater than 3 (Frey et al. 1997 , Paragi et al. 1998 ).
Our sample differs from the compilation of Wilkinson et al. (1998) primarily in that it includes a number of relatively strong sources at declinations south of +35 degrees, and other sources not presented in the CJF sample. By including sources outside the range of CJF declinations we are able to better sample the sparsely populated low redshift (Euclidean) part of the θ − z diagram not included in the CJF sample. The observations of Gurvits et al. (1992 , Frey et al. (1997) and Paragi et al. (1998) were made in an attempt to better sample the high redshift part of the θ − z diagram which is particularly sensitive to the value of q • . In particular, the unambiguous detection of an increase in angular size at the highest redshifts would indicate a value of q • > 0. The increase in the size of our present sample comes at the expense of homogeneity and the need to use published VLBI contour maps instead of the primary data. We have attempted to minimize the effect of these inhomogeneities by using the following criteria.
As in Kellermann (1993), we define the characteristic angular size of each source as the distance between the strongest component, which we refer to as the core, and the most distant component which has a peak brightness greater than or equal to 2% of the peak brightness of the core. For sources which are slightly resolved or unresolved, we adopted the following procedure. We assume that sources are one dimensional. For sources which appear resolved in at least one direction, we estimated the distance of a secondary component from the core, or its upper limit, from the published contours. If the source was not resolved, we took the size of the major axis of the synthesized beam (FWHM) as an upper limit to the size, unless there was additional information which indicated that the source structure axis lies along a specific direction different from the direction of major axis. The latter applies to those sources which show extensions in a particular direction, including an extension along the minor axis of the synthesized beam. In this case we estimated the upper limit of the size as the size of the beam along the direction of extension. Thus, our approach to measuring source size allows for four different cases:
Case C: the distance between the core and a 2%-component; Case J: an upper limit of the size measured as the size of the synthesized beam along the direction of apparent extension, most likely -a jet; Case L: an upper limit of the size measured along the major axis of the synthesized beam; Case S: an upper limit of the size measured along the minor axis of the synthesized beam.
For those sources where multi epoch VLBI images are available, we have used the most recent epoch that meets our criteria of sensitivity and dynamic range. Finally, we excluded from our analysis all unresolved sources if the major axis of the primary beam exceeded 2.2 mas (i.e. all cases L with too large a synthesized beam) and sources which are known to be gravitationally lensed.
The resulting sample of 330 sources is presented in Table 1 1 , where we show the IAU source designation and alternative name in columns 1 and 2. The redshift and optical counterpart are given in columns 3 and 4. Columns 5, 6 and 7 give the flux density at 6 and 20 cm (or a footnote for alternative wavelength) and the two-point spectral index, α (S ∝ ν α ), respectively. Columns 8 and 9 give the angular size (or its upper limit) and the one-letter structure code as explained above. In columns 10-13, we list references for redshift, flux densities at 6 and 20 cm, and for the VLBI image respectively.
Properties of the sample
The distribution of redshifts for the sources in our sample is shown in Fig. 1 . The 79 sources used in the analysis of Kellermann (1993) are shown shaded.
The histogram of the spectral index distribution is shown in Fig. 2 . We note, that we have used the value of spectral index as calculated, in most cases, from measurements of total flux density on arcsecond or larger angular scales although our discussion of angular dimensions is based on milliarcsecond-scale structures, which account for only part of the total flux. For most of the sources, this distinction is not important as nearly all of the flux density in sources of interest is contained in the compact component. Where relevant, such as for Cyg A, we specifically used the flux density of the core component. In a few special cases marked in column 6, when flux density at 20 cm was not available, the spectral index was calculated between 6 cm and another longer wavelength as explained in the footnotes. Fig. 3 shows the luminosity of all the sources in our sample as a function of their redshift. (Throughout this paper we use H • = 100 h km s −1 Mpc −1 and a deceleration parameter q • = 0.5 to calculate the luminosity). The shape of the luminosity -redshift diagram and the narrow dispersion simply reflects the fact that our sample, although compiled on an ad-hoc basis from the literature and based upon various selection criteria, is basically a flux-limited sample.
Properties of angular size
In Fig. 4 , we plot the measured angular size against redshift for all 330 sources in our sample. For the well resolved sources, the procedure of measuring θ gives an unambiguous estimate of a metric size. But, for sources with maximum dimensions comparable to or smaller than the beam size, there are large uncertainties. For this reason, and to minimize the influence on our analysis of the few sources with extremely large dimensions, we have chosen to bin the data and to examine the change in median angular size with redshift. This allows us to treat equally true metric sizes of resolved sources and upper limits of sizes for slightly resolved or unresolved ones. Fig. 5 shows the binned data of median angular size plotted against redshift for the same data. (Here and throughout this paper we use nearly equally populated bins, which number is close to √ N , where N is the size of the sample.) As found in previous studies, for z ≥ 0.5, the median angular size is nearly independent of redshift. In this figure, as an example we show a family of curves for a standard rod in various world models. We note, that none of these curves represent the best fit discussed below.
"Angular size -luminosity" and "angular size -spectral index" relations
As it is clear from Fig. 3 , our sample contains sources with luminosity ranging over more than 4 orders of magnitude. Fig. 6 shows the relation between median angular size and luminosity (the same binning in redshift space as in Fig. 5 ). Fig. 7 shows the dependence of the angular size on spectral index. As expected from simple consideration of self absorption arguments, sources with flat and inverted spectra should, on average, have smaller sizes. Fig. 7 qualitatively confirms this expectation. It may also indicate a presence of one or several selection effects. However, as illustrated by Fig. 8 , we do not find an evidence on systematic correlation between α and z, which might be responsible for the appearance of the "θ − α" dependence, shown in Fig. 7 . The only possible exception could correspond to the lowest redshift bin. However, this bin represents sources of considerably lower luminosity (cf. Fig. 3 ), which could differ intrinsically from their higher redshift counterparts.
Toward estimating cosmological parameters from the θ − z relation
The θ−z relation based on the data described here is qualitatively consistent with 0 ≤ q • ≤ 1 and Λ = 0 without the need to introduce evolutionary effects. The new data, in agreement with presented earlier by Kellermann (1993), Gurvits (1994) and Wilkinson et al. (1998) , do not show clear evidence for an angular size minimum near z = 1.25
as expected for models with Ω = 1 and Λ = 0. The near asymptotic slope of the θ−z relation is more characteristic of models with Ω < 1 and allows values of Λ = 0.
These results are, however, based on very inhomogeneous data obtained by many different observers using different instruments and imaging techniques. New VLBI observations now in progress will improve the accuracy of the observed θ − z relation as it will provide a uniform data set for analysis using the uv-data and images rather than published contour maps.
With all the reservations discussed above, as an example of a cosmological test with the θ − z relation on milliarcsecond scale, we consider a multi-parameter regression analysis as described by Gurvits (1994) with modifications made by Frey (1998) . It is based on the following phenomenological expression
where l m is the metric linear size, D is the angular size distance, lh is the linear size scaling factor, L is the source luminosity. Parameters β and n represent the dependence of the linear size on the source luminosity and redshift, respectively. For a homogeneous, isotropic Universe (q • > 0) with the cosmological constant, Λ = 0, D(z) is given by the usual expression
The regression model (Gurvits 1994, Frey 1998) allows us to fit the θ − z relation with four free parameters, the linear size scaling factor lh, the deceleration parameter q 0 and two parameters related to the physics of compact radio emitting regions, β and n. The value of n, in turn, could in principle represent three different physical dependences: (i) a cosmological evolution of the linear size; (ii) a dependence of the linear size on the emitted frequency; and (iii) an impact of sources broadening due to scattering in the propagation medium. The latter effect is not important for our sample with the lowest emitted frequency of 5 GHz (which corresponds to z = 0). The distinction between the former two effects is beyond the scope of this paper and will require multifrequency θ − z tests.
To minimize any possible dependence of linear size on luminosity, we restrict the regression analysis to sources with Lh 2 ≥ 10 26 W/Hz. Furthermore, as is evident from Fig. 7 , there is an obvious dependence of angular size on spectral index. In order to minimize this effect on the regression, we choose only those sources which form a flat segment of the θ − α diagram −0.38 ≤ α ≤ 0.18 (Fig. 7) . This selection criterion also partially excludes from the analysis the lowest redshift bin which represents the highest deviation on the α − z diagram (Fig. 8) . By restricting the range of spectral indices, we are able to further restrict the dispersion in intrinsic size in our analysis. Specifically, we exclude many of the relatively large compact steep spectrum sources and most compact inverted spectrum sources. There are 145 sources which meet these criteria, their distribution in redshift space is shown in Fig. 9 , and the median angular sizes versus redshift is shown in Fig. 10 .
As an example, we apply the four parameter regression model for median values of this sub-sample grouped into 12 redshift bins. The best fit values and corresponding 1σ errors are: lh = 23.8 ± 17.0 pc, β = 0.37 ± 0.27, n = −0.58 ± 1.0, and q 0 = 0.33 ± 0.11. This result is in qualitative agreement with similar estimates obtained for an independent sample of sources and different technique of measuring their angular sizes (Gurvits 1994).
In Table 2 , we show the results of regression modeling of the same binned sub-sample for the two parameters, lh and q 0 , for different fixed values of β and n. The ranges for β and n shown do not require a substantial evolution of linear sizes with redshift and luminosity. We note, that the range of parameter β used covers the estimate obtained for kiloparsec-scale structures in FRII sources by Buchalter et al. (1998; β ≈ −0.13±0.06) and is close to the estimate obtained earlier for kiloparsec-scale structures in quasars by Singal (1993; β ≈ −0.23 ± 0.12). Similarly, our range of the parameter n is close to the estimates obtained in both papers for kiloparsec-scale structures (Singal 1993 , Buchalter et al. 1998 ). However, one must keep in mind that closeness of these values for kiloparsec-scale structures in double radio sources and in our parsec-scale structures could be superficial since the radio emission on these scales, differed by several orders of magnitude, is governed by different physical processes.
As a test of our method of using median values for binned data, we repeated the same procedure for the subsample of 145 sources in which the upper limits of angular size (shown in Table 1 with the sign "<" in column 8) are replaced with an arbitrary value of 0.1 mas. The difference between estimates of lh and q 0 for this test case and values presented in Table 2 does not exceed 4.1% within the range of β and n shown in Table 2 . We therefore conclude that the use of median values is justified.
Values of q 0 shown in Table 2 should be treated with caution due to the deficiencies of the sample and the method described above. For the simple case with no dependence of the source linear size on the source luminosity and redshift ("true" standard rod, β = 0 and n = 0) q 0 = 0.21 ± 0.30. This result does not contradict to the estimate of q • in Λ = 0, "no-evolution" (β = n = 0) by Buchalter et al. (1998) . Solutions, which allow evolution of source size with redshift (n = 0) or a dependence on luminosity (β = 0), favor values of q 0 < ∼ 0.5 for β + n > ∼ −0.15.
Summary
The 5 GHz VLBI data are consistent with standard FRW cosmologies with 0 < ∼ q • < ∼ 0.5 and Λ = 0 without the need to introduce evolution of the population or to appeal to selection effects caused by a possible "luminosity -linear size" dependence. This conclusion is based on the "angular size -redshift" test using an inhomogeneous sample of 330 VLBI images, with the 1.5 mas nominal angular resolution and the dynamic range at least 100. A twoparameter regression model applied for a plausible range of dependence of linear size on luminosity and redshift is used to separate the "β − n"parameter space and gives a deceleration parameter somewhat lower than the critical, q • ≤ 0.5, for β + n > ∼ −0.15. Such an approach might be useful to further restrict the deceleration parameter using a better understanding of physics of the compact radio structures, represented by parameters β and n.
We also find a dependence of angular size with spectral index which, if not considered, increases the dispersion in linear size. Elimination of extreme values of spectral indices with α < −0.38 and α > 0.18 better defines compact sources as standard rods.
In view of the size and selection bias in the currently available sample, we have chosen not to consider more general models with Λ = 0. However, we present our full data set for those may wish to use these data to further investigate constraints on the cosmological parameters. a Optical counterpart: Q -quasar, B -BL Lac object, G -radio galaxy (including Seyfert galaxies of all types). b Characteristic angular size (case C) or its upper limit (cases J, L, and S). c Radio structure code: -C -size between the core and the most distant 2%-component; -J -upper limit of θ along jet direction; -L -upper limit of θ along major axis of the beam; -S -upper limit of θ along minor axis of the beam. d 6 cm flux density from Gregory et al. (1996) unless otherwise stated. e Flux density from White and Becker (1992) unless otherwise stated, at 20 cm or at an alternative wavelength as stated in footnotes [f -y] . f Spectral index calculated using S11 = 0.61 Jy. g Spectral index calculated using S11 = 3.56 Jy. h Spectral index calculated using S75 = 5.05 Jy. i Spectral index calculated using S11 = 1.10 Jy. j Spectral index calculated using S11 = 1.33 Jy. k Spectral index calculated using S11 = 0.40 Jy. l Spectral index calculated using S11 = 0.56 Jy. m Spectral index calculated using S11 = 0.45 Jy. n Spectral index calculated using S75 = 0.14 Jy. o Spectral index calculated using S11 = 2.74 Jy. p Spectral index calculated using S11 = 1.08 Jy. q S6 and S20 values for the compact core component.
x Spectral index calculated using S11 = 1.76 Jy. y Spectral index calculated using S11 = 1.34 Jy 
